The distribution of CO in Gliese 229B's atmosphere reveals how disequilibrium processes establish the atmospheric composition. The CO abundance derived from its spectral signature exceeds the equilibrium value by several orders of magnitude. Our investigation of the source for CO considers disequilibrium mechanisms common to planetary atmospheres and concludes that the CO abundance is sensitive to atmospheric dynamics. Convection is not required to explain the observed abundance; instead, the vertical transport rate at ∼6 bars may be similar to that in planetary stratospheres.
INTRODUCTION
As the coolest brown dwarf yet detected, Gliese 229B (Gl 229B) is often compared to the Jovian planets (Nakajima et al. 1995) . The scale height of Gl 229B's atmosphere, inferred from spectral features, points to a body 30-50 times more massive than Jupiter (Marley et al. 1996; Allard et al. 1996) . Gl 229B's luminosity and effective temperature imply a Jovian size. The effective temperature of ∼900 K (Marley et al. 1996; Allard et al. 1996) dictates that, as on Jupiter, hydrogen, helium, methane, and water are the most stable and most abundant molecules (Fegley & Lodders 1996) . Yet, also like Jupiter, Gl 229B exhibits signatures of constituents that are not in equilibrium at ambient temperatures and pressures. Observations at 4.8 mm reveal the presence of CO at 1.3 bars at a mixing ratio ( parts per million [ppm] ) exceeding the equilibq 1 50 CO rium abundance of ∼0.03 ppm (Noll, Geballe, & Marley 1997) .
In planetary atmospheres, several processes steer chemistry out of equilibrium. Lightning has been hypothesized to produce complex organic material and lend Jupiter its red colors (BarNun & Podolak 1985) . Life provides the Earth with free oxygen. Micrometeorites may bring CO to Neptune's atmosphere (Moses 1992) . Photodissociation of CO 2 supplies Venus and Mars with CO. On Jupiter, vertical mixing may transport CO from the deep atmosphere to visible levels (Prinn & Barshay 1977) .
This study considers disequilibrium mechanisms typical of planetary atmospheres to investigate the distribution of CO in Gl 229B's atmosphere and ultimately the atmospheric dynamics in brown dwarfs and Jovian planets. We conclude that CO is transported to visible levels by vertical mixing, but that the required mixing rate is slow, more typical of planetary stratospheres than of stellar atmospheres. Disequilibrium chemistry has not been included in the analyses of low-mass stars, but observations of the Jovian planets and now Gl 229B suggest that these processes are essential in the formation of brown dwarf spectra.
1 Visiting Professor, Department of Physics and Astronomy, Northern Arizona University, Flagstaff, AZ 86011. Noll et al. (1997) recorded spectra of Gl 229B at 4.8 mm using the United Kingdom Infrared Telescope (UKIRT) with the CGS4 spectrometer. A 544 minute integration time on this dim object yielded a spectrum revealing the signatures of the P-and R-branches of the CO 1-0 vibration rotation band (Fig. 1) . From these data, Noll et al. inferred a CO abundance ≥50 ppm and argued that convection is required to transport CO to the visible levels of the atmosphere.
OBSERVATIONS AND ANALYSIS
We analyze Gl 229B's spectrum with calculations based on the radiative transfer techniques, thermal profile, and dust distribution derived by Griffith, Yelle, & Marley (1998) . We divide the atmosphere into 100 layers (extending from 0.008 to 36 bars), calculate the monochromatic flux at every 2.5 # mm, and convolve the spectrum to a Gaussian function Ϫ4 10 having an FWHM of 0.02 mm. Absorption coefficients of CO and H 2 O are determined from line-by-line calculations (Husson et al. 1991; Partridge & Schwenke 1997) . In the center of the CO band, the GEISA line list (Husson et al. 1991) provides adequate parameters, with errors of less than 5% in the 4.55-4.75 mm region caused by the omitted hot lines. Our analysis differs from Noll et al.'s (1997) study most significantly in that we adopt a metallicity one-fourth solar as indicated by Gl 229B's optical spectrum (Griffith et al. 1998 ). The abundances of CH 4 and H 2 O are set to their equilibrium values at the ambient temperature and pressure. The CO mixing ratio is taken to be a constant throughout the visible atmosphere, down to the level at which it equals the thermochemical equilibrium abundance. Below this point the mixing ratio is set to the equilibrium value, which we calculate using thermodynamic data (Chase 1998) assuming that oxygen resides only in CO and H 2 O.
Following Noll et al. (1997) , we focus on the region of the spectrum (∼4.67 mm) between the R-and P-branches of the 1-0 vibration rotation band, where there is a peak in the flux. This region provides the only spectral evidence for the presence of CO in Gl 229B's atmosphere. The CO mixing ratio must be greater than 20 ppm to fit the observations (Fig. 1) . These values, although slightly lower than those derived by Noll et al., significantly exceed the equilibrium value of 0.03 ppm near the 1.3 bar level at which the CO band is formed (Fig. 2) .
DISCUSSION
Can disequilibrium processes common to planets explain the CO in Gl 229B's upper atmosphere? Lightning is not likely because the condensation clouds needed to provide charge separation do not exist at the pressure levels of interest. No identifiable cometary or dust population exists in the Gl 229 system, making this is an unsatisfying explanation. In the absence of a surface, life is unlikely. We therefore explore photochemistry and vertical mixing in Gl 229B.
Photochemical Production
Ultraviolet radiation from Gl 229B's primary star, the M1 dwarf Gl 229A, has not been measured. An estimate of Gl 229A's flux from models of a similar star, Gliese 825, indicates that the brown dwarf receives significant UV flux, comparable to that incident on Titan from our Sun, although more energetic (Griffith et al. 1998) . The dominance of photochemistry in Titan's atmosphere suggests it might be an important process in Gl 229B's atmosphere.
In the Earth's atmosphere, photochemical oxidation of CH 4 produces CO in the upper atmosphere. This process occurs only weakly in Jovian atmospheres because water condenses below the level to which UV photons penetrate. In Gl 229B's stratosphere, however, water is in gaseous form and photodissociation produces OH radicals that initiate the chemistry leading to formation of CO (see Moses 1992) .
We estimate the maximum abundance of CO from photochemistry with a simple model based on the following assumptions: (1) every UV photon produces a CO molecule; (2) the CO is mixed to deeper levels by eddy diffusion; and (3) the mixing rate is that typical of planetary stratospheres, with an eddy diffusion coefficient cm 2 s Ϫ1 . We adopt q ≥ 2 # 10 CO eddy diffusion coefficient would yield smaller CO mixing ratios. The amount of CO produced by photochemistry is comparable to the thermochemical equilibrium abundance at 1.3 bars. Photochemistry is therefore insignificant in the production of CO on Gl 229B.
Vertical Transport
The transport of CO to the visible atmosphere from the deep CO-rich levels was studied for Jupiter first by Prinn & Barshay (1977) and subsequently by Yung et al. (1988) and Fegley & Lodders (1994) . The vertical distribution of CO depends on the competition between the rate of transport and the rate at which the CO is converted to CH 4 . The transport time can be parameterized in terms of the eddy diffusion coefficient K zz and the scale height H, . The chemical time constant
t chem generally decreases rapidly with increasing pressure and temperature. At pressures greater than that of the t ϭ t mix chem level, CO adopts an equilibrium abundance. At smaller pressures, CO acquires a mixing ratio equal to that at the t ϭ mix level (Prinn & Barshay 1977) . Thus, to determine whether t chem vertical mixing is a viable explanation for the observed CO abundance, we must estimate the location at which t ϭ mix and the equilibrium mixing ratio of CO at that level. This t chem requires an investigation of the kinetics involved in the conversion of CO to CH 4 . Prinn & Barshay (1977) realized that reactions among oxidized carbon compounds (having a CϭO bond) and, separately, among reduced carbon compounds are relatively rapid. In contrast, reactions between the two groups are slow and provide the rate-limiting step in the conversion of CO to CH 4 . Prinn & Barshay argue that the most effective pathway between reduced and oxidized carbon is H ϩ H CO r OH ϩ CH (1) 2 2 3 and infer the rate constant from the measured value of the reverse reaction and the equilibrium constant. They adopt a CH 3 ϩ OH reaction rate of cm 3 s Ϫ1 (Fenimore Ϫ12 6.6 # 10 1969) by assuming that the reactants of reaction (1) are the principal products of the reverse reaction and that the energy barrier equals the enthalpy of the reaction. More recent measurements of reaction (1) indicate that the reverse reaction does not produce primarily H 2 CO as assumed by Prinn & Barshay. The Dean & Westmorland (1987) analysis of this reaction concluded that H 2 CO is formed with a branching ratio of only 0.5%. Moreover, the H 2 CO ϩ H 2 channel has a significant activation energy. Using Dean & Westmorland's results and the appropriate thermochemical data (Chase 1998), we calculate a rate for reaction (1) of
2 ( ) T At temperatures relevant to Jupiter or Gl 229B, this estimate is 4 orders of magnitude smaller than that calculated using the Prinn & Barshay formula. This revision in the rate constant indicates a problem with the Prinn & Barshay scheme, for it would predict far more CO in the atmosphere of Jupiter than is observed. Thus, there must be an alternate, and quicker, pathway for the conversion of CO to CH 4 . A different method for hydrogenating CO was proposed by Yung et al. (1988) based on the belief that reaction (1) is "kinetically too ambitious" because in one step both the strong carbonyl bond (CϭO) is broken and the weak C-H bond is formed. Yung et al. proposed a two-step process in which the carbonyl bond breaks first into a single bond. The conversion of oxidized carbon to reduced carbon would then proceed in the following sequence:
the rate-determining step. Yung et al. estimate k 3 from the rate constant for the reverse reaction k 3R and the equilibrium constant K eq . At the time of Yung et al.'s publication, neither the rate for reaction (3) nor its reverse rate had been measured. They therefore estimated a low-pressure limit for the reverse of reaction (3) from unimolecular dissociation of CH 3 O and a high-pressure limit from transition state theory. Subsequently, Page et al. (1989) measured the rate of the reverse of reaction (3) and determined a rate constant of
3R ( ) T in the low-pressure limit. Page et al.'s measurements also indicate that the low-pressure limit is appropriate for the relevant temperature and pressure regions in Gl 229B. We derive the equilibrium constant from the enthalpy and entropy change of the reaction
eq using an entropy change of cal mole Ϫ1 K Ϫ1 (Benson DS ϭ 55 1976) . Estimates for the enthalpy change range from 25 DH to 17 kcal mole Ϫ1 (Yung et al. 1988; Page et al. 1989; Blatt & McCulloch 1976; Tsang & Hampton 1986; Engelking, Ellison, & Lineberger 1978) . The lifetime of CO is estimated from the reaction rate ppm for a solar composition atmosphere) occurs q ϭ 100 CO at ∼6 bars, only a few bars below the 1.5 bar level where the CO band is formed. This can be compared with Jupiter, where the level occurs at a few hundred bars. Thus, while t ϭ t mix chem a large value of K zz is required to transport CO to Jupiter's visible atmosphere, a small value is needed on Gl 229B.
CONCLUSIONS
It is illuminating to compare the dynamical mixing required in Gl 229B's atmosphere to the mixing rate from free convection. We estimate the eddy diffusion coefficient for free
